A global three-dimensional Lagrangian chemistry-transport model STOCHEM is used to describe the European regional acid deposition and ozone air quality impacts along the Atlantic Ocean seaboard of Europe, from the SO 2 , NO x , VOCs and CO emissions from international shipping under conditions appropriate to the year 2000. Model-derived total sulfur deposition from international shipping reaches over 200 mg S m -2 yr -1 over the southwestern approaches to the British Isles and Brittany. The contribution from international shipping to surface ozone concentrations during the summertime, peaks at about 6 ppb over Ireland, Brittany and Portugal. Shipping emissions act as an external influence on acid deposition and ozone air quality within Europe and may require control actions in the future if strict deposition and air quality targets are to be met.
INTRODUCTION
Policy-makers have raised concerns about acidification, eutrophication and ground-level ozone in Europe. International agreements have been promulgated within the United Nations Economic Commission (UN ECE) in its Gothenburg Protocol and within the European Union (EU) in its National Emissions Ceilings Directive to control and reduce air pollution problems within Europe. These agreements have the long-term aim of reducing European emissions from human activities, as far as possible, to protect the environment from acidification and eutrophication and to reduce exposures to ground-level ozone. However, not all the damaging emissions that lead to deterioration in Europe's air quality and deposition come under the policy influence of the UN ECE and EU. Some of the emissions arise beyond the geographical or policy influence of these two bodies. As European emissions are progressively controlled, sources outside of the European sphere of control will make a proportionately larger contribution to future critical levels and loads exceedance.
In this study, the influence of international shipping emissions on acid deposition and ozone air quality in Europe is studied using a global three-dimensional Lagrangian chemistry-transport model, STOCHEM. Previously, using this model, we have identified the role of intercontinental transport of ozone as a potential external influence on Europe's air quality (1) . Sales of marine diesel oil to international shipping, so-called bunkers, are not attributed to individual countries or regional groupings and so are not included in the emission inventories compiled by the UN ECE and EU and do not come under the aegis of the Kyoto Protocol to the United Nations Framework Convention on Climate Change.
Here, we show that the contributions to acid deposition and ozone air quality on the western fringes of Europe resulting from the sulfur dioxide (SO 2 ) and nitrogen oxides (NO x ) emissions arising from international shipping are currently not negligible. Without emission controls, they will become increasingly important, while European land-based SO 2 and NO x emissions are being progressively controlled.
Several reports have drawn attention to ship emissions as a source of NO x and SO 2 emissions (2, 3) and it is now recognized that ship emissions have global, regional and local impacts. Lawrence and Crutzen (4) studied the effects of shipping on tropospheric ozone, hydroxyl radicals and methane lifetimes. Capaldo et al. (5) reported on the impact of shipping emissions on the biogeochemical cycling of sulfur compounds. Jonson et al. (6) described the effects of shipping emissions on acidification, eutrophication, and ground-level ozone formation in Europe. Endresen et al. (7) quantified the shipping contribution to global emissions of NO x , SO 2 , CO, CO 2 and VOCs and reported maximum perturbations in ozone of up to 10 ppb in the North Atlantic Ocean and a 3-10% increase in acidification due to shipping. During the year 2000, the European shipping fleet emitted just over 2.5 Tg SO 2 yr -1 compared with just under 5.8 Tg SO 2 yr -1 from land-based sources (8) . It is likely that ship emissions will play a progressively more important role in achieving regional and global environmental policy targets in the future as land-based emissions are further controlled.
THE CHEMISTRY-TRANSPORT MODEL
The deposition of acidic substances and regional air quality were quantified using a global Lagrangian chemistry-transport model STOCHEM (9) . This model describes atmospheric chemical processes using a number of air parcels that are transported around the globe using meteorological fields. The air parcels pick up emissions when they are advected into the atmospheric boundary layer. Chemical processes involving the emitted sulfur dioxide and oxides of nitrogen, generate acidic substances that are removed by wet and dry deposition processes. Further, sunlight-driven photochemical reactions involving the ozone precursor species: nitrogen oxides, methane, carbon monoxide and organic compounds, result in the formation of ozone.
Ozone itself is subsequently removed by dry deposition to the earth's surface.
STOCHEM was used to carry out the series of numerical experiments investigating acid deposition and regional air quality in Europe and its coupling to the global scale. This chemistry-transport model received meteorological fields from a driving climate model, but chemical fields were not 55 fed back into the radiation scheme of the climate model in the experiments described here. The model version used was essentially the same as that described by Sanderson et al. (10) , although some of the boundary conditions and emissions differed slightly. A brief description of the main model components follows.
The Driving Climate Model: HadAM3
The Hadley Centre climate model (HadAM3) (11) is a general circulation model describing the atmosphere only and in the version employed here used a prescribed sea surface temperature climatology (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) from the Atmospheric Model Inter-comparison Project II, (12) to provide the lower boundary condition over the oceans. Over land, a surface exchange scheme was used (13) , together with a prescribed seasonal vegetation distribution. Surface characteristics were used to drive dry deposition uptake and vegetation emissions of several species in STOCHEM (10). HadAM3 was run at standard climate resolution: 3.75° longitude x 2.5° latitude, with 19 vertical levels, concentrated towards the surface, and extending upwards to ~10 hPa. The model time-step was 30 minutes, with meteorological fields passed to STOCHEM every 3 hours.
Chemistry Sub-model: STOCHEM
STOCHEM is a Lagrangian tropospheric chemistry-transport model, originally described by Collins et al. (9) , with subsequent major updates to chemistry, convective mixing, surface deposition and vegetation emissions (10) . Brief descriptions of the main components are given below.
The STOCHEM model extends from the surface up to ~100 hPa. Within this domain, the atmosphere is divided into 50 000 equal mass air parcels, which are advected using winds from HadAM3, using a fourth order Runge-Kutta method. For every 1 hour advection time-step, winds are linearly interpolated to each parcel's position in the horizontal, and using cubic interpolation in the vertical. A random walk component is added to simulate horizontal and vertical diffusion. Following each advection step, air parcels are mapped to an Eulerian grid of dimensions 5° x 5° with nine equally spaced vertical levels, of thickness ~ 100 hPa. To represent the deformation of air parcels, some inter-parcel mixing is implemented between air parcels within the same Eulerian grid volume. Air parcel concentrations are brought towards the mean value for the grid volume. Turbulent mixing in the boundary layer is achieved by randomly re-assigning the vertical coordinates of air parcels over the depth of the layer. Convective mixing is described fully in Collins et al. (14) , and utilizes 3-D convective diagnostics from the climate model, including updraught and detrainment mass fluxes.
Global trace-gas sources by species, are given in Table 1 for the year 2000. Anthropogenic (totals and distributions), biomass burning (totals only) and vegetation (totals only) emissions were taken from the IIASA 'business as usual' scenario (15) . The European emissions and their underlying assumptions are extensively described elsewhere (16) . Biomass burning totals were doubled, to bring them approximately in line with IPCC (17) estimates, while spatial and seasonal distributions were taken from Cooke and Wilson (18) . Vegetation emissions of isoprene and terpene were distributed using spatial vegetation fields from the land surface scheme of the driving climate model which for isoprene included a dependence upon temperature and photosynthetically available radiation (10) . Interactive lightning NO x emissions were based on Price et al. (19) and Meijer et al. (20) and totalled ~ 7.3 Tg(N) yr -1 . Aircraft emissions were based on the NASA 1992 inventory (21) updated to 2000. Shipping emissions are described in detail below. The chemical scheme includes 70 species that take part in 174 photochemical, gas-phase, and aqueous-phase reactions and equilibria. The mechanism describes the tropospheric chemistry of methane, carbon monoxide, NO x , O 3 , and 11 non-methane hydrocarbons. All species were transported and the chemical time-step was 5 minutes. The updated dry deposition scheme is described in Sanderson et al. (10) . The wet deposition scheme remains unchanged, and is described in detail by Stevenson et al. (22) . The top of the chemistry model was set at ~ 100 hPa (~ 14 km). To represent the influx of stratospheric O 3 to the model domain, vertical wind fields at 100 hPa were used and were coupled up with an ozone climatology (23) . Similarly, total oxidized nitrogen influx (as HNO 3 ) was introduced assuming a fixed mass ratio of N:O 3 of 1:1000 (24) .
International Shipping Emissions
The global emission inventories utilized in STOCHEM for methane, SO 2 , NO x , VOCs and CO, and described above included a contribution from international shipping at a spatial resolution of 1 o latitude x 1 o longitude (redistributed to 5° x 5° for use in the model), based on EDGAR v3.2 data for 1995 (25) . The total SO 2 and NO x emissions from international shipping for each year from 1990 through to 2010 were obtained from the 1995 values using an assumed growth rate of +1.25% yr -1 independent of location. In this way, total SO 2 and NO x emissions for the year 2000 of 7. (7) provide cogent evidence that the spatial distribution of shipping emissions is currently poorly quantified. Furthermore, total emissions may be underestimated by up to a factor of 2 (26) . In the absence of updated spatially allocated emission inventories, that from EDGAR v3.2 has been retained in this study.
ACID DEPOSITION FROM INTERNATIONAL SHIPPING
In previous studies, we have quantified the global sulfate aerosol and sulfur deposition fields in STOCHEM (27) . By running the model with and without international shipping emissions, the contribution from international shipping has been quantified. The spatial distribution of the sulfur deposition from shipping agrees closely with that reported by Endresen et al. (7) . Focussing on the Atlantic Ocean seaboard of Europe, the sulfur deposition field for the year 2000 generated by STOCHEM, from all sulfur sources both manmade and natural, is shown in Figure 1a , with Figure 1b showing the contribution from international shipping. The model calculated fields include both wet and dry deposition of both SO 2 and particulate sulfate.
Model total sulfur deposition from all sources peaks in central Europe (Fig.1a) (28) . The model sulfur deposition fields over the British Isles therefore agree closely in magnitude and spatial distribution with the observations. Observed wet sulfur deposition amounts at monitoring stations on the Atlantic Ocean seaboard are found to lie in the range from 117 -532 mg S m -2 yr -1 (29) . Model sulfur deposition fields along the coastal fringes of Europe also, therefore, agree with observations. The model total sulfur deposition field shows the presence of a finger of increased deposition passing across the Atlantic Ocean corresponding to the deposition contour of 200 -500 mg S m -2 yr -1 . In the western fringes of the United Kingdom, the total sulfur deposition in air masses crossing the North Atlantic Ocean appears to be 150 -250 mg S m -2 yr -1 . Sulfur deposition at this magnitude would lead to sulfate in precipitation concentrations of about 10 -15 µeq SO 4 L -1 in a precipitation amount of 1000 mm which is typical of observations of rainfall for the west coast of Britain. Typically, these sites exhibit precipitation sulfate concentrations of 15 -20 µeq SO 4 L -1 in close agreement with the model calculations (28) . Model-derived total sulfur deposition from international shipping peaks at just over 400 mg S m -2 yr -1 over the North Sea and the Baltic Sea. Deposition levels are above 200 mg S m -2 yr -1 over the southwestern approaches to the British Isles and Brittany. Expressed as a percentage of total sulfur deposition, the contribution from international shipping approaches 50-55% in the southwestern approaches. The total sulfur deposition derived here from international shipping (Fig. 1b) across the British Isles falls in the range 40 -400 mg S m -2 yr -1 , equivalent to sulfate in precipitation levels of about 2.5-25 µeq SO 4 L -1 .
On this basis, it is concluded that international shipping emissions make a significant contribution to model calculated total sulfur deposition along the Atlantic Ocean seaboard of Europe. 
OZONE FORMATION FROM INTERNATIONAL SHIPPING
In previous work we have shown that, in addition to internal photochemical production within Europe, import of ozone occurs from the global tropospheric background and this represents an important additional ozone source within Europe (30) . This transport generally takes place across the North Atlantic Ocean and brings ozone into Europe from the stratosphere, from North America and from Asia (1). Figure 2a presents the model calculated distribution of surface ozone across Europe and averaged over the summer months (June, July, and August). This ozone distribution was calculated with emissions of ozone precursors from all man-made and natural sources for the year 2000.
The model calculated surface ozone distribution (Fig. 2a ) shows peak levels of over 60 ppb in southern Europe and above 55 ppb in southern Spain. Ozone levels over much of Spain, France, Germany and Central Europe reach and exceed 50 ppb due to internal photochemical ozone production. Over the British Isles, levels exceed 30 ppb and over northern Europe, 40 ppb. A ridge of elevated ozone levels crosses the North Atlantic Ocean, extending towards the British Isles at the 25 ppb level. This is identified as an indication of intercontinental ozone transport.
The model calculated surface ozone distribution due to international shipping is displayed in Figure 2b . It was calculated as the difference between two model calculations, one with all precursor sources both man-made and natural and the other with international shipping emissions excluded. This distribution is entirely different spatially to that in Figure 2a . The contribution from international shipping shows a maximum of over 10 ppb in the middle of the North Atlantic Ocean and drops off to about 6 ppb over Ireland, Brittany and Portugal. There are two subsidiary maxima, one in the Mediterranean region and the other over the Baltic Sea. The percentages of the summertime mean ozone concentrations attributable to international shipping vary from over 25% at the southwestern tip of Ireland, 15% over the Western Isles, 9% over Brittany, and about 5% over the rest of northwestern Europe. These contributions are similar in both spatial distribution and magnitude to those reported by Endresen et al. (7) .
The features of the surface ozone distributions over the British Isles are presented in some more detail in On this basis, it is concluded that the contribution to summertime mean ozone concentrations from international shipping is significant along the Atlantic Ocean seaboard of Europe. Furthermore, it is found to be comparable with estimations for intercontinental transport in our previous study (1) . International shipping therefore acts as a major external influence on Europe's air quality and contributes to the exceedance of ozone critical levels set for the protection of crops and vegetation, and of air quality guidelines set for the protection of human health.
DISCUSSION AND CONCLUSIONS
This study, in agreement with those of Jonson et al. (6) , and Endresen et al. (7), has demonstrated that the SO 2 emissions derived from international shipping also contribute significantly to total sulfur deposition across the Atlantic Ocean seaboard, the North Sea and the Baltic Sea. In a recent comprehensive report on acidification problems within the British Isles (28) , an analysis of the trends in the sulfate concentrations in precipitation at 32 monitoring sites over the 12-year period from 1986-1997 revealed marked spatial variations. In contrast to the monitoring sites in central and eastern England, those sites on the Atlantic Ocean seaboard of the British Isles showed no trend in the sulfate concentrations in precipitation despite the 50% decline in SO 2 emissions from the United Kingdom and the rest of Europe over the same period. The suggestion was made that the downward trend due to land-based emissions controls may have been offset by an increase in deposition due to increased long-range transport of sulfur from North America and an increased contribution from international shipping. At the time of the NEGTAP (28) report, the precise effect of changes in shipping emissions with time was difficult to quantify as SO 2 emissions from shipping could not be disaggregated with much precision. With the analyses completed here, we are able to quantify the role played by international shipping in offsetting the acidification trends due to the reduction in European land-based emissions.
Typically Thus, the growth in the contribution from international shipping almost completely offsets the decline due to land-based emission controls. Clearly, this is an extreme case because the chosen location minimizes the sulfur deposition from land-based sources and then maximizes the contribution from international shipping. However, our trends in the growth of international shipping emissions are based on a conservative growth assumption of + 1.25% yr -1 relative to a base year of 1995. The growth rate assumed in EDGAR3.2 is + 2.0% yr -1 over the period 1990-2000, though there is no indication of geographical variation in this assumption. For the contribution from international shipping to have completely offset the trend in sulfur deposition to the Atlantic Ocean seaboard of the British Isles from land-based sources, would have required a growth of + 6% yr -1 or so which would seem too high. Further consideration of the influence of international shipping emissions on sulfur deposition trends along the Atlantic Ocean seaboard of Europe must therefore await further work on emission projections and future growth rates.
In previous studies with this chemistry-transport model, we have demonstrated the importance of the global ozone background upon which European regional ozone episodes are superimposed (30) . Without action on the global scale to control emissions of ozone precursors, future ozone levels may continue to exceed critical levels set to protect crops and air quality guidelines set to protect human health, despite reductions in European precursor emissions. The study of Collins et al. (30) was taken a stage further by Derwent et al. (1) who provided insights into the continent of origins of the global ozone background concentrations observed in Europe. Evidence was presented of substantial contributions to surface ozone levels in Europe from ozone formed over the continents of North America and Asia and advected into Europe by intercontinental transport. On this basis, external influences from North America and Asia appear to be important in determining, in part, the ozone distribution over Europe and potentially how this distribution could respond to actions to control European regional emissions of ozone precursors. Emissions of ozone precursors from Asia are expected to grow in the future, leading potentially to an increasing global ozone background over Europe, with the potential to erode some of the progress to reduce future ozone exposure levels.
Here, in agreement with the study of Endresen et al. (7), we have shown how NO x emissions from international shipping act as a further external influence on Europe's ozone air quality, particularly during summertime. The expectations are that NO x emissions from international shipping will continue to rise in the future, while European land-based NO x emissions will decline. International shipping will therefore represent an increasing external influence on Europe's ozone air quality, particularly on the Atlantic Ocean seaboard of Europe. NO x emissions from international shipping do not come under the aegis of the Commission of the European Communities and hence they are termed an external influence on Europe's air quality. Control actions, outside of the land-based emissions controls of SO 2 , NO x and VOCs being considered by the EU within their Clean Air For Europe CAFÉ process will be required, if ozone critical levels and air quality guidelines are to be reached in the future across Europe.
